Addiction has been conceptualized as a cyclic process of impairment in self-regulation. Both positive and negative reinforcement mechanisms likely contribute to the maintenance of addiction; the former representing the reward response following initial use, the latter representing continued use for relief of the negative affective state of abstinence. At a neurobiological level, while activation of the brain reward system underscores drug use (i.e., positive reinforcement), the activation of the brain stress system may govern the distress associated with withdrawal (i.e., negative reinforcement). In the addictive situation, the relief of stress by the drug leads to habitual drug use, and the reward system is "co-opted" for purposes of maintaining habitual behavior that is linked to relief of stress or negative emotions. With this co-optation, other more adaptive rewards are not as salient because they are not part of the conditioned stress relief-reward link. Importantly, these rewards include social affiliation and relationships, and this kind of co-optation has profound implications for parenting behaviors among addicted adults, and indeed for their relationships in general. In these instances, relationships may become more stressful for the addicted adult because of the demands for care. Hence, instead of the normative rewards offered by affiliation, the relationship becomes more stressful and serves as a cue for continued compulsive or addictive behavior while perpetuating social or maternal avoidance behavior.

In this paper, we will outline the evidence from preclinical and human studies to address the following propositions outlined in Figure [1](#F1){ref-type="fig"}: (a) addictive processes are a reflection of a dysregulation of the balance between reward systems and the stress response; (b) parenting involves a special adaptation of both reward and stress regulatory neural systems to the relevant cues from offspring that become highly salient for the adult, now a parent; and (c) in the addictive situation, parenting cues are not rewarding but instead stressful. This heightened stress response may promote drug-seeking behaviors rather than parenting behaviors and attending to the infant's needs. We focus on cocaine addiction to explore the evidence for this model.

![**The relationship between addiction and parenting**. In our model, addiction represents the dysregulation of stress and reward systems, both of which are adapted to support parenting. In the addicted situation we propose that drug-induced brain changes result in the rewarding value of infant cues being attenuated, replaced by a more stressful neurophysiological response. This stress response to infant cues may increase craving for drugs of abuse, promoting drug seeking and relapse in abstinent mothers, and perpetuates the cycle of neglect.](fpsyt-02-00037-g001){#F1}

Cocaine Disrupts Maternal Behavior: Evidence from Rodent and Human Data
=======================================================================

Cocaine use and abuse represents a significant public health problem. In 2008, 1.4 million Americans met DSM-IV criteria for drug abuse and dependency for their cocaine addiction (Substance Abuse and Mental Health Services Administration, [@B151]). Rates of cocaine use in young women have increased, and a number of studies have reported cocaine use during pregnancy (Kuczkowski, [@B88]). Continued cocaine use into the postpartum period is not uncommon and presents significant problems for parenting practice; specifically, maternal substance abuse is associated with significant increases in child neglect (Cash and Wilke, [@B22]). The complexity of studying cocaine effects on human parenting at behavioral and neurobiological levels is complicated by the breadth of psychosocial and biological variables that are associated with cocaine use and thus, present unique challenges to empirical research. Therefore, we take a complementary approach bridging work from basic science with human studies. Although most mammalian species exhibit some form of parental care toward their young, rodents serve as excellent preclinical models for the study of onset and maintenance of maternal behavior (MB) because, similar to humans, they produce altricial infants requiring an immense commitment in order to ensure survival. The typical rat mother (dam) spends the entire day with pups for 2 weeks postpartum, only leaving the nest to forage for food. Rodents exhibit stereotyped behaviors toward infants (pups) that can be quantified and have behavioral correlates to humans, including nursing and grooming the infant as well as preparing a safe environment for the infant (nest-building). Maternal aggression or defense also emerges during the postpartum period, a behavior that is analogous to "protectiveness" experienced by new human mothers. We begin this paper by considering the empirical support of cocaine disruption to MB in human and rodent studies.

In human studies, the consequences of cocaine exposure and administration on parenting have been explored primarily through observations of mother--child interactions. Within 12--48 h postpartum, mothers who used cocaine during pregnancy responded more passively and were more disengaged from their newborn compared to mothers who were drug-free (Gottwald and Thurman, [@B62]). Early work with infants suggested that mothers using cocaine during pregnancy evidence reduced expression of positive affect and sensitivity to infant cues, as well as poorer creativity and resourcefulness during dyadic interactions (Burns et al., [@B18], [@B19]). There is some evidence to suggest that while early impairments (e.g., reduced attention toward the infant, shifts in attention away from the infant) in mother--child interactions appear modulated by prenatal cocaine exposure, follow up assessments have shown either a reduction (Mayes et al., [@B106]) or absence of these same dysfunctions (Ball et al., [@B7]) suggesting the effects of cocaine exposure may change over time. This has prompted studies to explore the effects of prenatal cocaine exposure on maternal interactions in toddlers too, evidencing maladaptive and hostile interactions of dyads with cocaine exposure (Johnson et al., [@B78]; Uhlhorn et al., [@B158]; Molitor and Mayes, [@B111]). The consequences of cocaine use during pregnancy have also been explored during feeding episodes. Poorer feeding interactions were reported in mothers who used cocaine during pregnancy and who relapsed postpartum, compared to mothers who had not relapsed (Blackwell et al., [@B13]). These feeding dyads demonstrated greater conflict (Eiden, [@B38]) as well as insensitivity (Eiden et al., [@B39]) between mother and child. It is important to note that impairments in mother--child interactions may also be related to the amount of cocaine consumed during pregnancy (Tronick et al., [@B157]), as well as postpartum use (Blackwell et al., [@B13]; Johnson et al., [@B78]; Eiden et al., [@B39]). Although to date there are no published neuroimaging studies in cocaine addicted mothers, initial pilot work suggests differential prefrontal cortex (PFC) activation when viewing infant faces in these women compared to mothers with no cocaine use history (Strathearn and Kosten, [@B150]).

Studies on mother--infant dynamics in the rodent have shown that exposure to cocaine, through acute, intermittent, or chronic treatment regimens, disrupts aspects of MB, with the extent of disruption dependent on dose, duration, time of testing, and treatment regimen (Johns et al., [@B77]; Nelson et al., [@B112]). In one commonly used paradigm, dams receive cocaine either chronically on gestation days (GD 1--20; 30 mg/kg) or via single injections during the postpartum period, and are then tested for pup-directed MB following separation and reunion with pups. Either regimen can lead to increased latency and decreased duration of nursing, along with disruptions in licking and nest-building. Cocaine treated dams also exhibit maladaptive maternal aggressive behavior, indicating that social behavior deficits may extend past pup relationships (Johns et al., [@B76]; McMurray et al., [@B109]).These disruptions are not caused by hyperactivity or cocaine withdrawal (Johns et al., [@B76]), suggesting instead alterations in motivational or social interaction circuitry.

In contrast to treatment during gestation, repeated exposure to cocaine before pregnancy increases retrieval and licking behaviors in rats and mice early postpartum, suggesting that adult cocaine exposure alters motivational salience and behavior toward later, naturally rewarding stimuli, such as pups (Nephew and Febo, [@B113]). However, although these mothers were quicker to retrieve pups, they took longer to initiate other MBs, suggesting that the salience may be in having the pup nearby but not in the act of caring for it. Functional magnetic resonance imaging (fMRI) in awake animals has allowed investigation of the activation of brain regions following exposure to rewarding stimuli. Indeed, cocaine pre-exposure also diminished the activation to pup suckling in the medial prefrontal cortex (mPFC), striatum, and auditory cortex, but did not affect baseline dopamine (DA) or percent increase of DA upon exposure to pups in the mPFC (Febo and Ferris, [@B43]), supporting the important roles in MB and addiction processes these regions hold, a point we will return to later in this review.

Taken together, these findings indicate that cocaine use before, during, and/or after pregnancy can significantly alter MB in the postpartum period. Since MB is not entirely abolished, we propose that these behavioral changes may indicate differences in the reward salience of offspring. Additionally, the transition from pregnancy to the postpartum is inherently stressful to mothers; however, the successful adaptation to this new environment may be considered under the control of allostatic mechanisms. Allostasis has been defined as the active process of responding to challenges from the environment to maintain homeostasis, usually through activation of hormonal stress responses. Successful adaptation to this stressful environment and the ability to respond appropriately to an infant's needs is critical for the infant's survival and thus has been conserved throughout mammalian evolution. It has been proposed that drug addiction can disrupt typical adaptation to stressful non-parenting environments (Le Moal, [@B90]); however, whether the same is true for the postpartum period remains unclear and offers a potential explanation for the drug-induced deficits described above. The review presented here considers the involvement of neural structures in both the reward and stress systems in parenting (outlined in Figure [2](#F2){ref-type="fig"}).

![**The relationship between neurocircuits of stress, reward, and parenting**. Parenting circuitry (red) shares many regions with stress (blue) and reward (yellow). The regions listed in the center have been implicated in all three circuits, suggesting that disruption in regions of one circuit can have profound impact on the functioning of the other connected circuits. It can be seen by the number of regions included in the Parental Circuitry circle that performance of optimal parental care (and the many types of behavior that fall into this category) requires typical functioning of the majority of the brain. Color coding in the legend indicates the anatomical brain systems in which each region belongs.](fpsyt-02-00037-g002){#F2}

Initiation of Maternal Behavior
===============================

Central to this review is the notion that there are significant neurobiological changes subserving the transition to parenthood. These include a variety of structural and neurochemical changes indicating plasticity both at the synaptic and transcriptional regulation levels of control. Throughout this paper we refer to changes in neuronal function, receptor expression, or peptide levels, as a result either from motherhood or drug exposure, as plastic to indicate the dynamic nature of neurons. Critical to the transition to motherhood are significant changes in the function of the hypothalamus and the production of the neuropeptide oxytocin (OT), and therefore we first consider the initiation of MB and the involvement of the hypothalamus and oxytocin before reviewing the stress and reward neural circuitry and their adaptation for parenting.

Hypothalamus
------------

The medial preoptic area (MPOA) and ventral bed nucleus of the stria terminalis (BNST) are critical for the initiation and maintenance of MB, and represent a directing region controlling the switch to parental behaviors (Numan, [@B116]). The MPOA has direct connections to the ventral tegmental area (VTA), nucleus accumbens (NAc), mPFC, BNST, and paraventricular nucleus (PVN), allowing it to exert a powerful influence during the postpartum period. Lesions to the MPOA completely abolish retrieval and nest-building behaviors in rats. Nursing is still observed following lesions, though it is diminished, and may be the result of pups seeking out and attaching to a non-responsive dam. These results indicate that the MPOA is important for the incentive actions in MB (Numan, [@B116]). Increased MPOA neuronal activation, as measured by c-FOS, CREB, and fMRI, is observed following exposure to pups and pup cues in the first 2 postpartum weeks (Fleming and Korsmit, [@B51]; Febo et al., [@B44]; Jin et al., [@B72]). Notably, deficiency of CREB in mouse mutant lines leads to increases in pup mortality and significant deficits in latency to retrieve pups and in the number of pups brought back to the nest (Jin et al., [@B72]). DA and serotonin (5-HT) maintain baseline levels in this region across pregnancy, however norepinephrine (NE) is decreased during this period (Olazabal et al., [@B118]). Overall, the results suggest that CREB activation in the MPOA could be especially important for the initiation and expression of MB. Converging with this in human mothers, individual differences in maternal sensitivity to infant cues revealed differential modulation of the hypothalamus, as well as pituitary and PFC regions, when the mothers were viewing photographs of their own infants, compared to unknown infants (Strathearn et al., [@B149]). Moreover, in this latter study, maternal OT response following a play interaction correlated with activity in the hypothalamus (as well as the pituitary and ventral striatum).

Oxytocin
--------

Oxytocin plays a central role in initiating the onset of MB in several mammalian species, including the rat and human, but its role in maintenance of MB is less clear (Pedersen and Boccia, [@B125]; Feldman et al., [@B46]). In the rodent, OT neurons from the PVN project centrally to the main olfactory bulb (MOB), MPOA, NAc, amygdala (AMY), hippocampus, and VTA (see Figure [3](#F3){ref-type="fig"}). OT from the PVN and supraoptic nucleus (SON) project to the pituitary for peripheral release into the bloodstream in response to infant-produced or stressful stimuli (Uvnas-Moberg et al., [@B159]; Hatton and Wang, [@B66]). Work using mouse lines null for OT have demonstrated that OT is essential for survival of litters due to effects on milk ejection, but may not be critical for other aspects of maternal responses (Lee et al., [@B92]). Although OT null-mutants have normal reproductive and nurturing responses (Ferguson et al., [@B49], [@B48]), mouse dams with targeted disruption of the OT receptor gene have significant deficits in pup retrieval, including longer latencies to retrieve each pup and to assume a crouching posture, and shorter time spent crouching over the pups (Takayanagi et al., [@B154]). Additionally, human mothers with a low functioning OT receptor allele show lower maternal sensitivity in the postpartum (Bakermans-Kranenburg and van Ijzendoorn, [@B6]). Alterations in OT function have been suggested to underlie maternal deficits in mice with a mutation in *Peg3* (*Paternally expressed gene 3*). Female *Peg3* mutant mice have severe impairments in MB and deficient milk let-down (Champagne et al., [@B24]). These deficits have been linked to reductions in OT neurons in the hypothalamus and decreased OT binding in the MPOA and lateral septum in *Peg3* mutants (Champagne et al., [@B24]).

![**Oxytocinergic projection in the rodent brain**. Oxytocin release is anatomically suited to signal in reward, stress, and maternal circuitries. The magnocellular neurons of the PVN (red oval) and SON (blue oval) project to the posterior pituitary to release OT peripherally in response to suckling or stressful stimuli. The parvocellular neurons of the PVN also project to the reward circuitry (VTA and NAc), stress circuitry (hippocampus, AMY, and intra-PVN release), and maternal circuitry (MPOA/BNST and OB), and are believed to be critical for appropriate social interactions. PVN, paraventricular nucleus of hypothalamus; SON, supraoptic nucleus of hypothalamus; VTA, ventral tegmental area; NAc, nucleus accumbens; AMY, amygdala; MPOA, medial preoptic area of the hypothalamus; OB, olfactory bulb. Brain schematic adapted from Paxinos and Watson ([@B124]).](fpsyt-02-00037-g003){#F3}

A recent paper by Yoshida et al. ([@B168]) suggested that an underlying mechanism for OT effects on social and anxiety-like behavior is enhanced serotonergic neurotransmission. Central administration of OT to the median raphe nucleus led to significant release of 5-HT in mice (Yoshida et al., [@B168]). Deletion of the 5-HT~1A~ or ~1B~ receptor can alter time spent crouching in the nest, pup retrieval, or other measures of nurturing, and can change maternal effects on the behavioral profiles of offspring (van Velzen and Toth, [@B161]). Modifications of the serotonin transporter (5-HTT) can confer increased susceptibility to the effects of poor maternal nurturing or other environmental stressors, with long-term consequences for resilience to adverse conditions (Bakermans-Kranenburg and van Ijzendoorn, [@B6]; Kinnally et al., [@B82]; Heiming and Sachser, [@B67]). Enhanced serotonergic neurotransmission by OT could have similar efficacy in the regulation of CREB function relevant to response to stress, exposure to cocaine and other drugs, and to MB. The reciprocal interactions between the OT and 5-HT signaling pathways in the midbrain and hypothalamus may be severely disrupted following drug use and may contribute to deficits in MB.

Both plasma and brain OT can interact with hypothalamic--pituitary--adrenal (HPA) axis activity (Uvnas-Moberg et al., [@B159]; Slattery and Neumann, [@B144]). This information may have implications for human clinical research, as one study recently reported that human mothers who used cocaine during gestation had reduced plasma OT levels and higher perceived stress (Light et al., [@B95]). The OT system is disrupted by cocaine in several regions, in parallel with behavioral disruptions of MB (Johns et al., [@B75], [@B73]). For example, the chronic treatment of rat dams with cocaine can significantly lower OT levels in the MPOA, hippocampus, and VTA within 24 h of delivery (Johns et al., [@B75]). Acute cocaine in the postpartum period can affect OT levels and OT receptors in several brain regions, including lowering levels in the MPOA on postpartum day (PPD) 1, and raising levels in the AMY on PPD 6 (Jarrett et al., [@B71]; McMurray et al., [@B109]). Interestingly, OT can also play a role in drug-reward effects. Recent studies in rodent models have shown that OT administration can reduce or block psychostimulant-related responses in tests of conditioned place preference (CPP), self-administration, and reinstatement of drug-seeking behavior (Yang et al., [@B167]). These data suggest an important role for OT at the intersection of addiction, stress, and MB.

Adaption of the Reward System for Parenting and the Impact of Cocaine
=====================================================================

Pups and pup cues have rewarding (motivational) value to rat dams, shown in both CPP and operant responding paradigms (Lee et al., [@B91]; Mattson and Morrell, [@B105]). Of particular note, pups often induce CPP greater than the effect of cocaine, indicating the strength of the motivational salience of pups (Seip and Morrell, [@B136]). However, in rodent studies, as many as 30% of dams prefer a non-pup associated chamber, and these dams exhibit greater locomotor sensitization to cocaine, indicating a subset of the population may be more vulnerable to cocaine's impact on reward circuitry and thus impairments in MB (Mattson and Morrell, [@B105]; Seip and Morrell, [@B135]). The circuitry controlling incentive value of reinforcing cues seems to be transiently altered postpartum as dams lack aversive responses (as measured by CPP) after receiving subcutaneous cocaine injections compared to virgin female rats, suggesting that internal physiology can play a major role in the conditioning effects of drugs (Seip et al., [@B137]).

Multiple reviews of reward circuitry have proposed that DA has a prominent role in drug reward and that the "reward circuit," as presented in Figure [4](#F4){ref-type="fig"}, consists of a midbrain--forebrain pathway that connects the VTA with the NAc and mPFC, with information converging in the NAc to drive locomotor responses toward reward seeking (Koob and Volkow, [@B84]; Sesack and Grace, [@B138]). Widespread use of fMRI has also enabled reward circuitry in humans to be investigated, with comparable regions identified, including the orbitofrontal cortex (OFC), amygdala, NAc, as well as the PFC and anterior cingulate cortex (ACC; McClure et al., [@B107]). A growing literature is emerging that dissects reward-seeking behaviors into independent cognitive processes: "wanting," "liking," and "learning" (Berridge, [@B11]; Berridge et al., [@B12]). Liking is defined as the neural reaction underlying sensory pleasure-triggered by immediate receipt of reward. In contrast, "wanting" is defined as the motivational incentive value of the same reward. It has been postulated that dopaminergic signaling described above (VTA/Nac/mPFC) is most important for the "wanting" aspects of behavior. This theory may help explain why, although certain aspects of maternal care are unlikely to have high hedonic impact (i.e., initial nursing, maternal aggression, sleep interruption), mothers still "want" to provide maternal care.

![**Reward circuitry in the rodent brain**. This midline sagittal slice of rodent brain depicts the main brain regions implicated in responding to rewarding stimuli. The ventral tegmental area (VTA) of the midbrain sends dopaminergic projections (blue arrows) to the nucleus accumbens (NAc) and medial prefrontal cortex (mPFC). The NAc (as well as the lateral habenula, LHb) send GABAergic projections (red arrows) to the VTA, while the mPFC sends glutamatergic projections (green arrows) to the VTA. The mPFC and NAc have reciprocal glutamatergic projections. Activity changes in the NAc results in reward seeking or incentive behaviors (black arrow). Brain schematic adapted from Paxinos and Watson ([@B124]).](fpsyt-02-00037-g004){#F4}

Ventral tegmental area
----------------------

Ventral tegmental area DA neuron activity is responsible for transient and phasic DA release into the NAc (Sombers et al., [@B146]) as well as throughout the reward circuitry, and VTA activity is believed to be crucial for incentive valuation and goal-oriented behaviors (Koob and Volkow, [@B84]). The VTA consists of DA projection neurons, surrounded by GABAergic interneurons (for review Adell and Artigas, [@B1]). Cocaine exposure impacts VTA function in ways that may alter its ability to respond to naturally rewarding stimuli. Synaptic levels of 5-HT, NE, and DA are acutely increased by cocaine through its ability to block their transporters, resulting in increased firing rates (Thomas and Malenka, [@B155]). Cocaine also contributes to increased firing by reducing inhibition, via decreased VTA GABAergic interneuron firing (Steffensen et al., [@B148]). These cocaine-induced changes do not habituate with repeated exposure; thus, cocaine acutely and chronically increases excitatory tone in the VTA, resulting in higher firing rates (Thomas and Malenka, [@B155]), potentially creating a threshold for firing that new (infant) stimuli cannot reach. Ovarian hormones enhance cocaine's effect on VTA DA firing in female rats (Zhang et al., [@B169]), suggesting changes may be accentuated during pregnancy when ovarian hormones are highly upregulated. Importantly, cocaine self-administration causes long-lasting potentiation in the VTA that sucrose self-administration does not (Chen et al., [@B26]), suggesting that cocaine may prevent further plasticity in the VTA that is needed during the postpartum period.

Evidence from rodent studies supports a role for the DA projection neurons from the VTA in the incentive aspects of MB (Numan, [@B116]). Lesions of the VTA, or that sever axons from the MPOA to the VTA, disrupt MB (Numan, [@B116]). Transient inactivation of the VTA, especially through GABA~A~ receptors~,~ disrupts maternal retrieval, nursing, and CPP for pups (Numan et al., [@B117]; Seip and Morrell, [@B136]), while not disrupting cocaine CPP, suggesting that VTA activity is critical for responses to pup stimuli. Mice that are naturally neglectful of their pups show higher basal c-FOS activation, although there is no difference in the number of DA cells in the VTA (Gammie et al., [@B58]). This suggests that ignoring pups may be perceived as rewarding for these dams, perhaps due to a reduction in stress. However, whether pup removal decreases stress and increases reward signal in some dams but not others has yet to be directly tested. Electroencephalogram (EEG) and fMRI responses in the VTA are increased by exposure to pups and pup olfactory cues (Febo et al., [@B44]; Hernandez-Gonzalez et al., [@B69]). Direct application of OT or opioids in the VTA can facilitate MB (Pedersen et al., [@B126]; Thompson and Kristal, [@B156]). Recent evidence has indicated a direct role for OT in regulation of VTA DA cell firing and DA release into the forebrain (Shahrokh et al., [@B139]). Interestingly, OT antagonists reduce DA release in highly maternal dams, but not in low maternal dams, suggesting there may a "floor" effect on the ability of OT to direct DA cell firing. Taken together, these findings indicate disruption in VTA function can severely affect MB and the rewarding value of pups to dams. Gestational cocaine treatment does not affect basal levels of NE, DA, or DA metabolites in the VTA during the postpartum period; however, basal 5-HT and OT are decreased (Johns et al., [@B75]; Lubin et al., [@B103]). These data, along with previously mentioned cocaine-induced changes in VTA function, suggest that VTA neurons may be less responsive to OT and thus fire less, although this has yet to be directly tested.

Nucleus accumbens
-----------------

The NAc, divided into the core and shell, serves several behavioral functions. The shell is involved in the incentive motivational properties of rewarding stimuli via the enhancement of stimulus--reward associations, while the core is involved in the performance components of reward seeking (Di Chiara, [@B35]; Russo et al., [@B133]). In humans, the NAc mediates the anticipation and prediction of reward (Knutson and Cooper, [@B83]), with regional activity varying dependent upon reward magnitude (Haber and Knutson, [@B64]). The NAc consists primarily of GABAergic projection neurons and interneurons. The major NAc GABAeric efferents project to the lateral hypothalamus, VTA, substantia nigra, brainstem, and ventral pallidum, whose activity is correlated with reward seeking (Koob and Volkow, [@B84]). Activation of inhibitory DA transmission from the VTA in the NAc in response to acute administration of all major drugs of abuse has been observed (Koob and Volkow, [@B84]). Cocaine acutely increases levels of inhibitory 5-HT and NE as well (Li et al., [@B94]). Chronic cocaine exposure upregulates D~1~ receptors in the striatum (Ben Shahar et al., [@B10]), similar to expression in highly maternal dams (Champagne et al., [@B23]), suggesting that repeated exposure to rewarding stimuli may have similar effects. Although DA transporter expression is unchanged, its activity increases with cocaine consumption (Oleson et al., [@B119]). Chronic cocaine exposure upregulates 5-HT transporter expression, while not impacting NE transporter expression (Belej et al., [@B9]). Increases in transporter activity may indicate an attempt of the neurons to return to a level of firing similar to that observed prior to drug use. Cocaine exposure decreases synaptic strength between excitatory PFC afferents to the NAc shell, and causes long-lasting decreased firing in the core (Russo et al., [@B133]).

The NAc is important for the initiation and maintenance of MB. NAc ablation significantly decreases MB, and specifically lesioning the NAc shell disrupts retrieval behavior without interrupting crouching, licking, or nest-building (Li and Fleming, [@B93]). The NAc shows increased neuronal activation, through c-FOS expression and fMRI, in response to pups throughout the first postpartum week (Fleming and Korsmit, [@B51]; Febo et al., [@B44]). However, no response is observed only to pup cues (Fleming and Korsmit, [@B51]). In contrast, activation in response to infant cries (relative to white noise) have been observed in human mothers in the regions surrounding the NAc, as well as more extensive cortical and subcortial regions, primarily innervated by dopamine (Lorberbaum et al., [@B101]).

Lactating rats have lower basal DA in the NAc compared to virgin rats (Olazabal et al., [@B118]), perhaps allowing greater sensitivity to changes in levels. Real-time *in vivo* voltammetry and microdialysis measurements have shown increased NAc shell DA during nursing, and a direct correlation of DA concentration with duration of licking behavior (Champagne et al., [@B23]; Afonso et al., [@B2]). Treatment with DA agonists increases licking specifically in dams that were previously characterized as "low-licking" (Champagne et al., [@B23]), suggesting that some threshold must be met to achieve higher licking rates. Similar pharmacological treatments in NAc have been shown to mediate "wanting" of rewards (Berridge et al., [@B12]). Recently, it has been shown that D~2~ receptor activation is important for normal MB (Zhao and Li, [@B170]). Although D~2~ receptor binding does not differ between dams that are highly maternal and those which are low-licking/nursing, highly maternal dams have more D~1~ and D~3~ receptors and lower DA transporter binding in the NAc shell compared to low-licking/grooming dams (Champagne et al., [@B23]). In a mouse line bred for maternal neglect, much higher c-FOS expression is observed immediately following the onset of neglect compared to control dams (Gammie et al., [@B58]), with the effect greater in the core than the shell. Taken together, dopaminergic signaling in the NAc is critical for MB, and since drug use can drastically alter signaling, this may lead to impaired MB. However, little is known about how drug exposure may impact plasticity within the NAc during pregnancy, parturition, and lactation and this will be a focus of future research.

Prefrontal cortex
-----------------

The PFC is involved in a variety of cognitive functions, all of which are critical components in the shift toward drug dependency, addiction, or MB. Understanding the role of the PFC is complex, especially given the wide variation in the degree of cortical parcellation in both human and animal studies (including ACC, OFC, mPFC, and infralimbic) observed across studies (Dalley et al., [@B31]). The ACC has been associated with the integration and valuation of social information due to its direct connections with AMY, ventral striatum, hypothalamus, periaqueductal gray (PAG), and auditory cortex (Dalley et al., [@B31]), as well as ordering temporal sequence of behaviors. The OFC, which has a well-established role in decision-making and stimulus--reward relationships, receives input from all sensory modalities as well as the ventral striatum and amygdala. Damage to the OFC may result in changes in anxiety/fear and aggressive behaviors, suggesting its importance in social interactions. The prelimbic and infralimbic cortices, which are subdivisions of the mPFC residing dorsally and ventrally respectively, have been associated with working memory function and attention. However, they play different roles in learning, with the prelimbic cortex contributing to action-outcome associations and the infralimbic contributing to habit formation in rodents. Both the mPFC and OFC have been implicated in controlling impulsivity (Dalley et al., [@B31]), a point we will return to later. Given that all these functions are critical for appropriate social interactions, understanding how drug use alters their function will highlight how these regions may be involved in altered postpartum behaviors.

Chronic drug use has been tied to deficits in monoamine signaling in the PFC; however it remains unclear whether these deficits are causative or predictive (reviews: Dalley et al., [@B32]; Koob and Volkow, [@B84]; Sesack and Grace, [@B138]). Recent evidence suggests molecular mechanisms underlying drug-induced dysfunction. Glucose metabolism increases following acute cocaine, but decreases following cocaine self-administration, indicating an adapted neuronal response (Hammer Jr. and Cooke, [@B65]). Cocaine increases blood flow in fMRI studies involving male, female, and lactating rats (Febo et al., [@B45]; Ferris et al., [@B50]). This increased "activation" of the mPFC, measured by increased blood flow, may result from increased activity of GABAergic interneurons instead of glutamatergic projection neurons, since cocaine causes a greater VTA-driven inhibition of mPFC projection neurons (Peterson et al., [@B128]), suggesting an increased inhibition of projection neurons in this area. Cocaine consumption results in hundreds of synaptic plasticity gene expression changes as measured by microarray (Freeman et al., [@B56]) as well as an upregulation of D~1~ receptor and corticotropin releasing factor (CRF) activity (Ben Shahar et al., [@B10]; Corominas et al., [@B30]). Taken together, these data suggest multiple mechanisms for a decline in mPFC function through cocaine use. The ACC, OFC, infralimbic, and prelimbic cortex all show increased c-FOS expression in response to cocaine-associated cues compared to saline controls (Ciccocioppo et al., [@B28]), indicating an important role for drug learning in these areas. Given that these regions are likely responding to cocaine exposure through plastic changes to gene expression, these neurons may not respond with the appropriate amount of neuroplasticity needed for the transition to perform MBs. A single study of cocaine administration prior to pregnancy demonstrated diminished activation to pup suckling in the mPFC, but did not affect baseline DA or percent increase of DA upon exposure to pups in the mPFC (Febo and Ferris, [@B43]). However, whether cocaine during pregnancy affects the development of plastic changes in the PFC during pregnancy and lactation, similar to those observed in males has yet to be directly tested.

The PFC's role in organizing behavior is critical for the transition to MB, with disruptions to PFC function resulting in deficits to MB. Pharmacological antagonism of sodium channels or activation of GABA in the mPFC has shown that this region is necessary for retrieval behavior of rat dams (Febo et al., [@B42]). These experiments did not change approach behavior toward pups, only the decision to retrieve them to the nest, indicating a change in motivation not investigatory behaviors. Excitotoxic lesion to the mPFC also disrupts pup retrieval, licking, and the overall pattern or order of MBs, indicating the importance of this region in working memory and attention in the postpartum period (Afonso et al., [@B3]). Pup suckling increases fMRI response in the medial and lateral PFC and insular cortex of lactating rats, an effect that is dependent on OT (Febo et al., [@B44]). EEG data suggest that mPFC activity changes in response to pup odors (Hernandez-Gonzalez et al., [@B69]). As mentioned above, DA contributes to PFC function. DA levels are lower in rats in late pregnancy compared to virgin female rats (Olazabal et al., [@B118]), which may result in higher overall activity given that DA acts to inhibit activity in the mPFC (Peterson et al., [@B128]). Recently, high impulsivity has been tied to deficits in MB, which may be associated with alterations in mPFC function (Lovic et al., [@B102]). Since mPFC DA is an important mediator of impulsivity (Dalley et al., [@B32]) and can be disrupted by drug abuse, differences in behavioral organization during MB could occur following drug use (although this has yet to be directly tested). Notably, as early as PPD1, the cingulate cortex shows increased c-FOS expression in response to pups, and continues to respond to cues through the first week (Fleming and Korsmit, [@B51]). Additionally, the infralimbic cortex responds to cues while the prelimbic cortex does not (Fleming and Korsmit, [@B51]), suggesting the importance of specific regionalization of circuitry.

In human mothers, although widespread activity in the brain is observed when exposed to infant cues, the OFC is emerging as a core region in parenting circuitry, being reliably engaged across studies as well as in different modalities. Activity in the right OFC was greater when mothers listened to infant cries compared to white noise (Lorberbaum et al., [@B100], [@B101]), and bilateral OFC activity increased when mothers viewed photographs of their own child compared to an unfamiliar child (Nitschke et al., [@B114]). Bridging brain and self-reported mood, this bilateral activity in the OFC has been significantly correlated with positive mood scores while viewing infant faces (Nitschke et al., [@B114]), with left OFC activity correlating with positive mood and right OFC activity correlating with negative mood scores in a subsequent study (Noriuchi et al., [@B115]). In this latter report, other regions showed sensitivity to infant familiarity, including the dorsolateral PFC, insula, putamen, and PAG. In preclinical work, the PAG is thought to mediate the immobile stance of nursing since exposure to suckling pups selectively activates PAG to a greater extent than exposure to non-suckling pups (Lonstein and Stern, [@B99]). The PAG has also been strongly implicated in controlling aggressive behavior in the postpartum period and mediating fearfulness or anxiety (Lonstein et al., [@B98]). It is worth noting that the lateral OFC (and PAG) responds selectively to cues of maternal attachment, with overlapping regions including striatum, insula, and dorsal ACC responding to cues of maternal and romantic attachment (Bartels and Zeki, [@B8]). Magnetoencephalography has also demonstrated the role of the OFC to infant cue sensitivity and further suggests that OFC may exert a top-down role on infant face perception (Kringelbach et al., [@B87]). In a sample containing both parents and non-parents, 130 ms post-stimulus onset there was a significant increase in activity in the mOFC in response to viewing infant faces but not adult faces. Moreover, this early sensitivity to infant faces was not observed in areas traditionally associated with face processing (i.e., fusiform cortex). Nevertheless, after 165 ms from face presentation, a comparable divergence of activity in response to infant and adult faces in fusiform cortex was observed. These findings suggest that the mOFC is not only sensitive to infant cues, but may also modulate subsequent activity in fusiform regions for preferential processing of infant face stimuli.

Lateral habenula
----------------

Another forebrain region that can contribute to the MB is the lateral habenula (LHb; Geisler and Trimble, [@B60]). LHb activity is correlated with the lack of an expected reward as well as stressful stimuli, suggesting a role for processing the saliency and value of rewarding and distressing stimuli. The LHb shows increased c-FOS to acute cocaine and cocaine-associated cues but this response diminishes following repeated exposure (Franklin and Druhan, [@B54]), suggesting that cocaine exposure disrupts the ability of the LHb to decrease VTA activity. This may be especially important if VTA neurons have reached a level of firing that cannot change further in response to infant stimuli. This structure is activated in response to pups on PPD7 and reacts to pup cues on PPD 10 (Felton et al., [@B47]). Interestingly, the c-FOS response is diminished in dams that exhibit strong CPP for pups. This may be explained by the role of the LHb in negative reward salience (Mattson and Morrell, [@B105]). The LHb has also been shown to have both excitatory input and output following MB (Geisler and Trimble, [@B60]). This is an intriguing area of future research as it may play a critical role in determining the salience of different stimuli during the postpartum.

In summary, a number of core structures have been identified in the reward neural circuitry and we have described the evidence to suggest their adaption to parenting. The modulation of these neurocircuits by cocaine implicates a neurobiological pathway through which substance use can affect parenting behavior. The role of the reward circuitry, specifically mesocorticolimbic DA, has also been implicated in social attachment more broadly in preclinical studies of MB and pair bonding (Insel, [@B70]). This will be an important avenue for future research to understand how cocaine influences MB as well as the formation and maintenance of maternal attachment.

Adaption of the Stress System for Parenting and the Impact of Cocaine
=====================================================================

In addition to the reward neural circuits, there is also significant recruitment of stress neurocircuits in MB across humans and rodents. Moreover, a wealth of behavioral data implicates stress in drug seeking and relapse (Corominas et al., [@B30]; Koob and Volkow, [@B84]). Therefore we turn our attention to the neural circuitry of the stress system, its involvement in MB, and modulation by cocaine.

HPA axis
--------

The canonical HPA axis stress system seems to play a critical role in the development of drug abuse, while extrahypothalamic stress circuitry \[BNST, hippocampus, medial portion of NAc, and central amydala (CeA)\] appears to have a more important role in the motivational effects of both acute withdrawal and stress-induced relapse (Aston-Jones and Harris, [@B5]; Corominas et al., [@B30]; Koob and Volkow, [@B84]). It has been hypothesized that addiction results from a neuroadaptational shift in how rewards are processed, specifically a loss of positive reinforcement and replacement by negative reinforcement within a basal circuit termed the extended amygdala (Koob and Volkow, [@B84]). This long-lasting shift in how the brain stress systems process similar environmental cues (allostasis) following either drug exposure or repeated stressful events has been defined as allostatic load (McEwen and Gianaros, [@B108]). Alterations in allostatic load are derived by chronic exposure to psychological or physiological stressors.

Acutely, the HPA axis is activated by a variety of external and internal events (see Figure [5](#F5){ref-type="fig"}). The PVN in the hypothalamus releases CRF into the hypophyseal blood supply, stimulating release of adrenocorticotropic hormone (ACTH) from the pituitary gland into the circulating blood supply. ACTH acts on the adrenal medulla to release glucocorticoids (GC), i.e., cortisol (humans) or corticosterone (CORT; rodents) into circulation where it exerts numerous physiological effects. Importantly, CORT exerts negative feedback through GC activation in the pituitary, PVN, and hippocampus, returning the system to homeostasis. In addition to release of CRF into the blood, PVN neurons project to other central nervous system sites, such as the BNST, CeA, and VTA (Palkovits et al., [@B121]; Rodaros et al., [@B132]), resulting in a variety of neuronal responses in those brain regions (for review see Corominas et al., [@B30]). The PVN reversibly remodels structurally during pregnancy and lactation to allow greater excitatory input (Panatier and Oliet, [@B122]), which suggests this is an especially dynamic time for changes in brain stress systems. If drug use alters PVN responsiveness during the postpartum period, this could have deleterious effects given that the PVN also contains cells that produce OT (Slattery and Neumann, [@B144]), and the PVN has been found to activate in response to pups by PPD7 (Fleming and Korsmit, [@B51]; Febo et al., [@B44]).

![**Stress circuitry in the rodent brain**. The paraventricular nucleus (PVN) in the hypothalamus sends corticotrophin releasing factor (CRF) projections (green arrows) to the central amygdala (CeA), bed nucleus of the stria terminalis (BNST), and the pituitary gland. The pituitary gland releases adrenocorticotrophic hormone (ACTH) into the blood stream that travels to the adrenal gland. Adrenal gland releases corticosterone (CORT) into the bloodstream. CORT acts as a negative feedback signal (red arrows) on the pituitary, PVN, and hippocampus, which sends excitatory projections to the PVN (green line arrows). The PVN receives additional excitatory input from the CeA and BNST. Brain schematic adapted from Paxinos and Watson ([@B124]).](fpsyt-02-00037-g005){#F5}

There is an established bidirectional relationship between substance abuse and stress-related symptomatology in both humans and animal models (Sinha, [@B140]; Goeders, [@B61]; Koob and Volkow, [@B84]). Cocaine acutely activates the HPA axis (Goeders, [@B61]), a response that is upregulated by female sex hormones (Russo et al., [@B134]), suggesting that pregnancy, and the accompanying high circulating female steroid hormones, may be an especially sensitive period for cocaine-induced stress hormone effects. Chronic effects depend on the treatment regime; for example, HPA responses neither habituate nor sensitize to daily cocaine administration, although ACTH and CORT responses to binge doses do habituate over repeated exposures (Goeders, [@B61]). However, self-administration of cocaine causes an increased CORT response and decreased negative feedback that coincides with lower GC receptors in the PVN but not other forebrain regions (Rodaros et al., [@B132]), indicating other brain centers can exhibit continued response. HPA reactivity is heightened during acute withdrawal and dysregulation persists during protracted abstinence (Goeders, [@B61]; Corominas et al., [@B30]). Importantly, chronic cocaine can raise CORT levels significantly during pregnancy (Quinones-Jenab et al., [@B129]), although the impact on feedback regulation is less clear. Complementary data has shown that stress and HPA signaling can facilitate psychostimulant self-administration (Goeders, [@B61]), indicating a mechanism that stress may influence later drug seeking in the postpartum.

The role of the HPA stress system in MB is just beginning to be understood, and it is clear that tight regulation is involved throughout the transition from pregnancy, lactation, and weaning. As mentioned above, allostasis or the dynamic response of the HPA and brain stress systems to ever-changing environments, probably plays a critical role, however, the role of allostatic mechanisms are in great need of study. Gestational and postpartum periods are characterized by high basal CORT levels, a hyporesponsive hormonal reaction to stress, and low anxiety levels (Slattery and Neumann, [@B144]). Changes in maternal stress responses have been correlated with deficits in maternal care (Smith et al., [@B145]; Bosch et al., [@B15]; Chen et al., [@B27]). Stress during pregnancy can reduce MB in rodents, however, if the rats were prone to have low MB, stress did not affect them, suggesting that optimal care can be reduced only to a certain extent (Champagne and Meaney, [@B25]). Administering CORT to pregnant or lactating rats decreases nursing and increases neglectful behaviors (Bosch et al., [@B15]; Brummelte and Galea, [@B17]). Repeated stressors during the postpartum period can inhibit lactation in rodents, suggesting direct hormonal effects (Lau and Simpson, [@B89]). Conversely, removing circulating stress hormones reduces but does not abolish MB (Rees et al., [@B131]). Lactation depends on peripheral OT levels and OT is known to bi-directionally interact with HPA activity, with chronic OT treatment leading to reduced acute stress responses (Uvnas-Moberg et al., [@B159]), suggesting that OT may help mediate stress hyporesponsiveness in the postpartum period (Slattery and Neumann, [@B144]).

Many neurotransmitters involved in stress regulation are altered in the early postpartum period, including 5-HT, DA, NE, vasopressin, OT, and CRF (Slattery and Neumann, [@B144]). These signals act primarily within the PVN to direct stress response, especially CRF and OT release. CRF serves as a "stress" signal not only by activating the HPA axis, but also through signaling to the extended amygdala and VTA, resulting in increased saliency of cues surrounding a stressful event (Gulpinar and Yegen, [@B63]; Corominas et al., [@B30]). It has been proposed that postpartum changes in stress responsiveness are caused by the reduction in CRF production in the PVN (Slattery and Neumann, [@B144]), presumably through high OT levels, which can attenuate upregulation of CRF mRNA in response to stress (Lightman et al., [@B96]; Windle et al., [@B165]). In a series of studies using mutant mouse lines, Gammie and colleagues have shown that CRF signaling modulates components of MB (Gammie et al., [@B57], [@B59]; D'Anna and Gammie, [@B33]). Targeted disruption of *CRFR1* significantly reduced nursing, while *CRFR2* knockout dams exhibit reduced maternal aggression in a resident--intruder test. Since exposure to an unfamiliar intruder could be highly stressful for a dam, it is possible that CRF function is especially important for MB related to adverse or anxiogenic conditions. Alterations in CRF-mediated signaling, as observed with repeated cocaine treatment (Corominas et al., [@B30]), could thus disrupt normal offspring defense. We will now consider the key neural regions which are involved in the stress response, addiction, and parenting; specifically the hippocampus and extended amygdala, before reviewing the important interaction between stress and reward circuitries.

Hippocampus
-----------

Hippocampal activity exerts an inhibitory influence, via ventral hippocampal neurons' direct connections to the PVN, and regulates release of stress hormones (Herman et al., [@B68]). The hippocampus has reciprocal excitatory connections, via the entorhinal cortex, with the mPFC, ACC, insular, and other association cortices, suggesting its role in coordinating spatial and social information, as well as contributing to the stress response during pregnancy and lactation. Chronic cocaine exposure alters monoamine signaling as well as several kinase signaling pathways (Dworkin et al., [@B37]; Freeman et al., [@B55]), suggesting cocaine may down-regulate the hippocampal formation's ability to temper PVN stress responsiveness.

The hippocampus exhibits increased BOLD signal in response to pup suckling (Febo et al., [@B44]), and lesions of this area will specifically disrupt MB (Kimble et al., [@B81]), suggesting perhaps a role for learning safe locations for nursing. The entorhinal cortex, directly adjacent to the hippocampus exhibits the positive BOLD response to pup suckling (Febo et al., [@B44]), indicating an involvement of social memory. Adult neurogenesis in the hippocampus is decreased in maternally sensitized rats, an effect tied to increased circulating CORT levels (Pawluski and Galea, [@B123]), and is similar to what is observed following cocaine use (Venkatesan et al., [@B162]), suggesting that increased CORT from cocaine exposure may decrease neurogenesis even further, although this remains to be tested. Hippocampal monoamine levels do not change throughout pregnancy or following gestational cocaine exposure (Lubin et al., [@B103]; Olazabal et al., [@B118]), indicating that potential changes in function may rely on CRF and CORT signaling. In addition, OT levels are decreased in the hippocampus in virgin rats and in the postpartum following chronic gestational cocaine exposure (Johns et al., [@B75]; Lubin et al., [@B104]), which may suggest as interaction with CRF and CORT.

Extended amygdala
-----------------

The extended amygdala contributes to processing emotions (particularly fear and anxiety), refining the limbic input to motor systems (Alheid, [@B4]; Koob and Volkow, [@B84]) and may be involved in the integration of cortical information with the HPA axis function. The extended amygdala consists of the CeA, medial amygdala (MeA), sublenticular extended amygdala, BNST, and medial and caudal portions of the NAc (Alheid, [@B4]). The CeA and BNST have reciprocal connections with the PVN and are an independent source of CRF (Alheid, [@B4]). Cocaine exposure results in long-term changes in CRF activity in these regions (Corominas et al., [@B30]). Chronic cocaine treatment has short and long-term effects on the neuronal response to stress by increasing CRF-dependent activation in the amygdala and BNST in response to stress in males (Kash et al., [@B79]); however, its effects on females are less clear. Signaling mediated by CRF has been implicated in neuroadaptation during a chronic cocaine regimen and reinstatement of cocaine reward (Corominas et al., [@B30]). Although a majority of this work has focused on withdrawal from cocaine, it suggests that the chronic exposure alters CRF signaling. Additionally, the conditioned release of NE, which may be altered by cocaine exposure, in the BNST in response to stressors may elevate anxiety which then augments the reward value of drugs through negative reinforcement (Aston-Jones and Harris, [@B5]; Koob and Volkow, [@B84]). Overall, these lines of evidence support a role for this region as a critical convergence point between reward and stress circuitry in addiction. Acute cocaine can increase OT in the amygdala (Elliott et al., [@B40]), while chronic cocaine treatment during pregnancy reduces OT receptor binding in the BNST and amygdala in the early postpartum (Johns et al., [@B74]; Jarrett et al., [@B71]).

Disruptions in extended amygdala activity can have major detrimental effects on MB. Activation of the amygdala and BNST regions can lead to decreases in MB (Rasia-Filho et al., [@B130]; Walker et al., [@B163]; Bosch et al., [@B14]). In particular, activation of the MeA can inhibit dams from approaching pups. Further, mouse dams characterized by maternal neglect have higher c-FOS expression in the MeA and CeA compared to control dams (Numan, [@B116]; Gammie et al., [@B58]). The MeA and cortical amygdala (CeA) are activated by exposure to pups during the first week postpartum, but not by exposure to pup cues (Fleming et al., [@B52]; Fleming and Walsh, [@B53]; Stack et al., [@B147]). The basolateral amygdala (BLA) is not activated until PPD3 and responds to cues on PPD10, consistent with its role in cue-learning (Pego et al., [@B127]). OT in the AMY is important for regulating anxiety and maternal aggressive behavior, and is increased following chronic cocaine exposure (Bosch et al., [@B14]; McMurray et al., [@B109]). Given the complex changes occurring in the extended amygdala during the postpartum, it is likely that previous drug use may interrupt the normal course of functional plasticity.

The interaction of stress and reward circuits
---------------------------------------------

Importantly, stress alters the reward circuitry. Although the emphasis of stress on reward circuitry function has focused on CRF signaling in the extended amygdala, GC activation is important as well. Chronic stress increases glutamatergic signaling and synaptic function in the NAc shell and the VTA similar to what is observed following psychostimulant exposure (Meshul et al., [@B110]; Campioni et al., [@B21]; Lodge and Grace, [@B97]). Cocaine-induced changes in VTA activity and NAc DA release are dependent on both CRF and CORT (Cleck et al., [@B29]; Kash et al., [@B79]). GCs can modulate sensitivity to DA in NAc neurons, especially in lactating rats (Der-Avakian et al., [@B34]; Byrnes et al., [@B20]). The role of GCs in sensitizing the NAc to psychostimulants may be especially important, given the large amount of circulating GC during pregnancy and lactation (Byrnes et al., [@B20]). The transcription factor CREB has been implicated in persistent changes in the brain following exposure to drugs of addiction or stressful environmental events, and is expressed throughout the reward circuitry (Briand and Blendy, [@B16]). Increased levels of phosphorylated CREB may be an important mechanism in the acute and chronic effects of cocaine administration and sensitization (Briand and Blendy, [@B16]), and in stress-induced reinstatement of conditioned responses to cocaine (Kreibich and Blendy, [@B85]). Disruption of *CREB* function can lead to higher sensitivity to the rewarding effects of cocaine, but disrupts potentiation of drug-related behavior following episodes of stress (Dinieri et al., [@B36]), while *CREB* overexpression can attenuate locomotor effects of cocaine (Kreibich et al., [@B86]; Briand and Blendy, [@B16]). Disruption of signaling through CRF receptor 1 can block stress-induced enhancement of conditioned responses to cocaine, as well as stress-elicited increases in phosphorylated CREB (Kreibich et al., [@B86]). Taken together, these data suggest that cocaine-induced changes in stress signaling may interact synergistically with changes in the reward circuitry to affect maternal response.

Finally it is important to note the proposal that the maintenance of allostatic processes requires the coordinated signaling between the hippocampus, amygdala, and PFC (McEwen and Gianaros, [@B108]). Since it is clear that these regions are important for reaction to stress and initiation and maintenance of MB, and are negatively impacted by cocaine exposure, they highlight regions that deserve further research in drug-exposed parenting models.

Parenting Cues as Stressful Cues in Addiction
=============================================

As we have reviewed here, the neural circuitry of the reward and stress systems contribute to substance use initiation, as well as continued use and subsequent dependence. Many of the key neural structures within these circuits are also those that are observed in studies of parenting, suggesting that these overlapping neural circuits present as mechanisms through which drugs of abuse can modulate parenting behavior. These findings related to the model presented in the introduction to this review are presented in Figure [6](#F6){ref-type="fig"}. The final component of our model posits that in the addicted situation, infant cues are stressful rather than rewarding, and that heightened levels of stress increases craving for substances of abuse that through past experience have been associated with the relief of negative affect. Therefore, the act of caring for an infant may promote drug-seeking behaviors in currently using mothers, as well as triggering relapse in abstinent mothers.

![**Role of brain changes in the relationship between drug use and parenting**. Drug use is known to cause a number of brain changes (teal boxes and arrows). These changes can influence each other (red double-tipped arrows) by either amplifying or diminishing alterations depending on the behavioral and biological context. Importantly, these changes have independently been shown to contribute to parental care behaviors and when disrupted by drug use, results in reduced sensitivity to the rewarding value of infants and heightened stress. The stress response may be sufficient to trigger drug craving leading to continued drug use and relapse in abstinent mothers. In addition, drug seeking to reduce stress may also perpetuate the cycle of neglect.](fpsyt-02-00037-g006){#F6}

At a neurobiological level, the relationship between parenting, addiction, and stress is in its infancy. However, substance use has been well associated with stress-related symptomatology (Sinha, [@B140]), and early on stress has been highlighted as modulating parenting behavior (Webster-Stratton, [@B164]). Increasing levels of stress in parenting are believed to be related to insufficient resources (e.g., income, emotional stability) to manage the demands of caring for a child, and that this is enhanced in addicted mothers, who report higher levels of stress than non-substance using mothers (Kelley, [@B80]). This data suggests that addicted mothers may exhibit a maladaptive shift in allostasic control of stress during the postpartum period. Additional research has evidenced parenting stress as an important mediator to maternal risk factors and their impact on parenting behavior (Suchman and Luthar, [@B153]). These initial studies support the notion of parenting as a stressor, and we will now consider the relationship between stress and craving which is integral to our model.

Accumulating evidence has shown that individuals with more intense craving when exposed to stress are more likely to relapse, and that drug use affords one means of stress regulation, albeit a maladaptive, self-perpetuating one (Sinha and Li, [@B143]). In these studies, participants are exposed to an interpersonal stressor and changes in the hemodynamic response are then compared to exposure to a neutral non-stressor condition. In non-substance using individuals, exposure to stress has been shown to increase the hemodynamic response in (1) frontal regions, including the right mPFC and ventral ACC; and (2) limbic and midbrain regions, including the posterior cingulate, left striatum, thalamus, bilateral caudate and putamen, and left hippocampal and parahippocampal regions (Sinha et al., [@B142]). Further work by the same research group (Sinha et al., [@B141]) demonstrated that while some changes in the hemodynamic response are common in normal individuals and cocaine-dependent subjects, healthy controls show increased activity in the ACC, while cocaine-dependent participants instead have a decrease in activity in this same region that extended into the lateral frontal cortex. The authors interpret this difference in ACC functioning in relation to differences in emotion regulation and cognitive control between the two groups and the relationship of these functions to addictive behaviors. Replicating their earlier finding, stress exposure increased activity in hippocampal and parahippocampal regions in healthy controls, but this response was absent in cocaine-dependent participants, who instead showed an increased response in the bilateral dorsal striatum and caudate region. Activity in this latter region positively correlated with self-report craving scores, consistent with this structure's role in addiction. Increasing activity in the right dorsolateral PFC, as well as the left posterior insular and superior temporal sulcus, also correlated with increasing scores on self-report of craving and distress in cocaine-dependent participants. The implications of these findings are that, while addiction modulates the stress response, this modulation of activity correlates with self-reports of drug craving, suggesting a putative link between craving, stress, and addiction. This is further emphasized by finding that increasing activity in regions including the medial PFC, following stress induction, predicts time to relapse, correlating with amount of drug use on each occasion, as well as the number of days drug use has occurred following relapse (Sinha and Li, [@B143]). A wealth of literature, too large to detail here, has begun to discover the molecular mechanisms and brain activation patterns of similar stress-induced relapse behaviors in animal models. Important to our hypotheses are data suggesting that DA and CRF are critical signaling molecules in the VTA, extended amygdala, and PFC (Erb, [@B41]; Van den Oever et al., [@B160]; Wise and Morales, [@B166]), as well as being associated with alterations in allostatic load.

Finding both that exposure to stress results in brain responses that can differentiate addicted individuals from non-addicted individuals and that neural activity correlates with craving and relapse indicate the importance of vulnerability to stress in the maintenance of addiction. Specifically, these studies indicate that exposure to stress heightens craving which results in drug-seeking behavior and relapse. Bridging these results to the present review, we propose that parenting cues will elicit similar stress reactivity (e.g., Kelley, [@B80]) which could induce drug-seeking behaviors in the addicted mother, thereby likely contributing to neglectful behavior which is so highly correlated with drug addiction in mothers (e.g., Cash and Wilke, [@B22]). It is the goal of our ongoing preclinical and human subject studies to explore this empirically.

Conclusion
==========

In the review presented here we have identified the contribution of reward and stress pathways to the neural circuitry of parenting, underscoring the modulation of these pathways by addiction. We have described addiction as the dysregulation of the reward and stress systems, the same systems that are adapted for parenting to increase the saliency of infant cues. We propose that in the addictive situation, parenting cues are not as rewarding as they would normally be and could instead be stressful, which with a probable dysregulation of stress adaptation mechanisms, may lead to increased drug seeking and neglectful parenting behavior. While we focused more specifically on cocaine addiction, the principles of this model will likely hold for other addictive processes, owing to the common roles of stress and reward systems in the initiation and maintenance of substance use. Moreover, recognizing early mother--child relationships as a source of stress will be important when considering appropriate therapeutic approaches for prevention as well as treatment of maternal substance abuse (e.g., Pajulo et al., [@B120]; Suchman et al., [@B152]). This is emphasized by high relapse rates early postpartum by mothers abstaining from substances of abuse during pregnancy, supporting the notion that the postpartum period presents as a specific time of vulnerability to stress in recent mothers. Indeed, the discussion presented here suggests that therapeutic approaches that target stress regulation may be important for the capacity to parent, maintaining abstinence in addiction, and decreasing the incidence of child abuse and neglect. Potential neurobiological targets could include CRF and OT as they have been shown to be key signaling systems for stress, addiction, and parenting.
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